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Abstract 
Sialoadhesin (Sn) and CD163 have been recognized as two important mediators for porcine reproductive and respira-
tory syndrome virus (PRRSV) in host macrophages. Recently, it has been demonstrated that the highly virulent Lena 
strain has a wider macrophage tropism than the low virulent LV strain in the nasal mucosa. Not only  CD163+Sn+ mac-
rophages are infected by Lena but also  CD163+Sn− macrophages. This suggests that an alternative receptor exists 
for binding and internalization of PRRSV Lena in the  CD163+Sn− macrophages. Further investigation to find the new 
entry receptor was hampered by the difficulty of isolating these macrophages from the nasal mucosa. In the present 
study, a new population of  CD163+Sn− cells has been identified that is specifically localized in the nasal lamina pro-
pria and can be isolated by an intranasal digestion approach. Isolated nasal cells were characterized using specific cell 
markers and their susceptibility to two different PRRSV-1 strains (LV and Lena) was tested. Upon digestion, 3.2% (flow 
cytometry)—6.4% (confocal microscopy) of the nasal cells were identified as  CD163+ and all (99.7%) of these  CD163+ 
cells were  Sn−. These  CD163+Sn− cells, designated as “nasal surface macrophages”, showed a 4.9 times higher suscep-
tibility to the Lena strain than to the LV strain. Furthermore, the Lena-inoculated cell cultures showed an upregulation 
of CD163. These results showed that our new cell isolation system is ideal for the further functional and phenotypical 
analysis of the new population of nasal surface macrophages and further research on the molecular pathogenesis of 
PRRSV in the nose.
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zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.
Introduction
Porcine reproductive and respiratory syndrome virus 
(PRRSV) is one of the most economically important path-
ogens in the swine industry, causing reproductive failure 
in sows and respiratory disorders in piglets [1]. It belongs 
to the family Arteriviridae, the order of the Nidovirales 
[2]. Further classification placed PRRSV in the genus 
Betaarterivirus, and 40% of genetic variation divides 
PRRSV into PRRSV-1 (subgenus Eurpobartevirus) and 
PRRSV-2 (subgenus Ampobartevirus) [3]. PRRSV-1 is 
divided into three subtypes with different distributions 
in Europe and Asia. PRRSV-2 is common in Asia and the 
Americas [4]. In the 2000s, highly pathogenic PRRSV-1 
subtype 3 strains emerged in Eastern Europe [5].
One of the major routes of PRRSV transmission is via 
nose–nose contact and the air [6]. Epithelial cells in the 
nasal airway commonly serve as the primary entry site 
for many viruses. The lamina propria is located under-
neath the epithelium. This is a special connective tissue 
consisting of a complex network of fibers, filaments, and 
immune cells such as lymphocytes and macrophages 
[7]. Lymphocytes and macrophages in the epithelial cell 
Open Access
*Correspondence:  Hans.Nauwynck@UGent.be
Department of Virology, Immunology, and Parasitology, Faculty 
of Veterinary Medicine, Ghent University, Salisburylaan 133, 
9820 Merelbeke, Belgium
Page 2 of 15Oh et al. Vet Res           (2020) 51:21 
layer and the lamina propria are also important targets 
of viruses [8]. Several viruses replicate in these cells to 
traverse the epithelium barrier, migrate through the lam-
ina propria and end up in the blood circulation [9, 10]. 
PRRSV is one of these “smart” viruses. It uses resident 
macrophages in the mucosa to replicate and induce a 
viremia [11].
PRRSV has a restricted cell tropism for cells of the 
monocyte-macrophage lineage. Several membrane 
receptors or cellular proteins such as heparin sulfate, 
sialoadhesin (also known as Sn, siglec-1 and CD169), 
siglec-10, DC-SIGN (also known as CD209), CD163, 
CD151, vimentin, and non-muscle myosin heavy chain 
9 (MYH9) have been identified as mediators for PRRSV 
entry into permissive cells [12–15]. Scavenger recep-
tor CD163 is considered as an indispensable media-
tor for PRRSV infection because CD163 expression in 
non-permissive cell lines makes them susceptible to 
PRRSV infection and CD163 knockout pigs are resistant 
to infection with PRRSV [16–21]. Among these media-
tors, the intriguing interplay between siglecs and CD163 
has been extensively studied. Previously, a PRRSV entry 
model has been described based on the use of two main 
entry mediators, siglecs and CD163. Siglecs medi-
ate virus attachment and internalization, and CD163 
coordinates viral disassembly [13, 14, 17, 22–24]. How-
ever, previous studies from our laboratory showed that 
the highly virulent PRRSV-1 subtype 3 Lena strain has 
a wider cell tropism than PRRSV-1 subtype 1 Lelystad 
strain. This strain is not only able to infect  CD163+Sn+ 
but also  CD163+Sn− macrophages in the nasal mucosa 
[11, 25]. Moreover, Prather et  al. [26] has reported 
PRRSV-2 infection in the Sn knockout pigs. These 
observations suggest that Sn is not the only attachment 
and internalization receptor for PRRSV and an alter-
native entry mediator together with the disassembly 
mediator CD163 might be responsible for this highly 
virulent PRRSV strain infection of the  CD163+Sn− nasal 
macrophages. These cells are also siglec-10 negative [13]. 
Therefore, the entry mediator in the  CD163+Sn− nasal 
macrophages remains to be identified.
The aim of this study is to develop an in  vitro 
 CD163+Sn− nasal macrophage isolation system, which 
will form the basis for further identification of alter-
native PRRSV entry mediators in the  Sn− cells. In this 
study, we first analyzed the distribution of  CD163+ mac-
rophages in the entire porcine nasal mucosa and the Sn 
expression in these cells. Next, a new digestion system 
was developed to specifically isolate the  CD163+Sn− 
nasal macrophages and to test their susceptibility to two 
prototype PRRSV-1 strains, LV (subtype 1) and Lena 
(subtype 3).
Materials and methods
Animals
The study was performed with the nasal mucosa from 8 
to 10-week old healthy conventional pigs from a PRRSV-
negative farm. A total of 6 pigs was used in this study. 
Three pigs were used for the immunofluorescence stain-
ing of the nasal tissue cryosections, and three pigs were 
euthanized for the whole nose digestion, cell characteri-
zation, and PRRSV-1 inoculation experiments.
Nasal mucosa collection
The pigs were euthanized with 12.5  mg/kg body weight 
pentobarbital (Kela, Hoogstraten, Belgium). After exsan-
guination, the head of the pig was cut off from the car-
cass. The facial skin was stripped from the head, and the 
head was sawed sagittally. The nasal septum, dorsal tur-
binates, middle turbinates, and ventral turbinates includ-
ing cartilage and bone were collected from the nose 
(Figure  1A). Subsequently, tissues were embedded in 
methylcellulose medium (ThermoFisher GmbH, Kandel, 
Germany) and frozen at −70 °C.
Analysis of the nasal macrophage distribution 
by immunofluorescence (IF) staining and confocal 
microscopy
Nine µm cryosections of the methocel-embedded fro-
zen tissue samples were made with a trimming interval 
of 100  µm between each section. Sections were made 
using a cryostat at −20 °C and loaded onto 3-aminopro-
pyltriethoxysilane-coated (Sigma-Aldrich, St. Louis, MO, 
USA) glass slides. Tissue sections were then fixed in 4% 
paraformaldehyde for 15 min at 4 °C. The fixed sections 
were washed in PBS and subsequently permeabilized in 
0.1% Triton-X diluted in PBS for 10 min at room temper-
ature (RT). Afterwards, the sections were washed in PBS.
To identify the distribution of  CD163+ macrophages 
in the nasal mucosa, incubation of 1  h at 37  °C was 
performed with a mouse monoclonal antibody (mAb) 
against porcine CD163 (clone 2A10/11, Bio-Rad, Oxford, 
UK), followed by incubation with FITC-labeled goat 
anti-mouse IgG1 secondary antibody (1:500, Invitrogen, 
Eugene, OR, USA) (Table 1).
To identify the Sn positive and negative cells in the 
CD163 positive and negative cell populations in the nasal 
mucosa, a double IF staining was performed using goat 
polyclonal antibody (pAb) against human CD163 (R&D 
Systems, Mineapolis, MN, USA) and mouse monoclonal 
antibody (mAb) against porcine sialoadhesin (Sn) (clone 
41D3) [27] (Table 1). For the additional characterization 
of the macrophages in the nasal mucosa, a frozen ventral 
turbinate section was stained by a triple immunofluo-
rescence with a mouse mAb against porcine Sn (clone 
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Figure 1 Distribution of CD163 positive cells in the porcine nasal mucosa. A Anatomy of the porcine nose: (a) ventral turbinate, (b) dorsal 
turbinate, (c) septum. Colors represent cartilage (white), airway (blue), mucosa (incarnadine). B Sections of porcine nasal tissues were subjected to 
immunofluorescent staining for CD163 (green): (I) anterior nasal septum, (II) posterior nasal septum, (III) medial side of the dorsal nasal turbinate, (IV) 
lateral side of the dorsal nasal turbinate, (V) medial side of the ventral nasal turbinate, (VI) lateral side of the ventral nasal turbinate, and (VII) middle 
nasal turbinate. Nuclei were counterstained with Hoechst (blue). White lines indicate the border between the mucosal epithelium and the lamina 
propria. EP: epithelium, LP: lamina propria. Scale bar: 100 µm.
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41D3) and a goat pAb against human CD163 together 
with a mouse mAb against porcine MHCII (clone MSA3, 
Kingfisher Biotech, St. Paul, MN, USA) or a mouse mAb 
against porcine CD14 (clone MIL2) [28]; or by a triple 
immunofluorescence with a mouse mAb against human 
Sn (clone 26B2) [29] and a goat pAb against human 
CD163 together with a mouse mAb against human CD1c 
(clone L161, Biolegend, San Diego, CA, USA) (Table 1).
Primary antibodies were diluted in PBS with 10% rabbit 
serum and incubated for 1 h at 37 °C, followed by incuba-
tion with Alexa Fluor 594 conjugated rabbit anti-goat IgG 
secondary antibody (1:200, Invitrogen). Afterwards, non-
specific binding sites were blocked with 10% negative 
goat serum for 30 min at 37  °C. The sections were sub-
sequently incubated with FITC-labeled goat anti-mouse 
IgG1 antibody. For the MHCII, CD14 and CD1c staining, 
after 1 h incubation with those primary antibodies diluted 
in PBS with 10% rabbit serum, sections were incubated 
for 1 h at 37  °C with a rabbit anti-goat IgG Alexa Fluor 
647 (1:300, Invitrogen). Afterwards, non-specific bind-
ing sites were blocked with 10% goat serum for 30  min 
at 37 °C. Subsequently, the sections were incubated with 
either a goat anti-mouse IgG2a Alexa Fluor 594 (1:500, 
Invitrogen) and a goat anti-mouse IgG1 FITC (1:500) or 
a goat anti-mouse IgG2b Alexa Fluor 594 (1:200, Invitro-
gen) and a goat anti-mouse IgG1 FITC for 1 h at 37  °C. 
A mouse mAb against PCV2 Cap (clone 12E12) [30], a 
mouse mAb against pseudorabies virus gB (clone 1C11) 
and a mouse mAb against pseudorabies virus gD (clone 
13D12) [31] were used as isotype matched non-specific 
control (Table 1). Nuclei were counterstained with Hoe-
chst 33242 (10 μg/mL, Invitrogen). Slides were mounted 
with glycerol-DABCO and analyzed using a TCS SPE 
confocal system (Leica Microsystems GmbH, Wetzlar, 
Germany). Since we were interested in macrophages in 
the sub-epithelium and the upper lamina propria, images 
with 175  µm depth under the nasal epithelium were 
taken. The 175 µm was based on the width of a picture 
taken with a 10× ocular lens and a 63× objective. Ten 
images per section were randomly taken. The number of 
CD163 positive cells and total number of cells from each 
picture were counted and transformed into a percentage.
Whole nose digestion
The heads of 10-week old conventional pigs were cut off 
from the carcass after euthanasia with 12.5 mg/kg body 
weight pentobarbital and exsanguination. After remov-
ing the facial skin, both nostrils were closed by suturing 
(Supramid white, SMI, St. Vith, Belgium) and clamp-
ing. The head was fixed upside down with a clamp fixed 
on a stand. Sterile silicone tubes were inserted into the 
nasal cavity through the nasopharynx. The nose was 
washed three times with DPBS (Gibco, Paisley, UK) sup-
plemented with 1  mM ethylene diamine tetra-acetic 
acid (EDTA) (VWR International, Leuven, Belgium), 
0.05  mg/mL gentamicin (Gibco), 0.1  mg/mL strepto-
mycin (Gibco), 100  U/mL penicillin (Gibco) to remove 
the nasal discharge. Two 20  mL syringes (Romed Hol-
land, CH Wilnis, Netherlands) filled with an enzyme mix 
[DPBS supplemented with 220 U/mL collagenase type IV 
(Gibco), 1.4 mg/mL Pronase (Roche Diagnostics GmbH, 
Mannheim, Germany), 0.1 mg/mL DNase I (Roche Diag-
nostics GmbH), 2.5 mM d-glucose (VWR International), 
1 mM sodium pyruvate (Gibco), 1% non-essential amino 
acids (Gibco), 0.05  mg/mL gentamicin (Gibco), 0.1  mg/
mL streptomycin (Gibco), 100  U/mL penicillin (Gibco)] 
were connected to the silicone tubes and the enzyme mix 
was injected into the nasal cavity. In order to selectively 
Table 1 Antibodies used for immunofluorescence staining and flow cytometry 
mAb: monoclonal antibody, pAb: polyclonal antibody.
Primary antibodies Clone Isotype Working dilution Supplier
Anti-CD163 mAb 2A10/11 IgG1 1:200 Bio-rad
Anti-CD163 pAb Polyclonal IgG 1:200 R&D Systems
Anti-Sn mAb 41D3 IgG1 1:50 [27]
Anti-Sn mAb 26B2 IgG2b 1:30 [29]
Anti-MHCII mAb MSA3 IgG2a 1:200 Kingfisher Biotech
Anti-CD14 mAb MIL2 IgG2b 1:100 [28]
Anti-CD1c mAb L161 IgG1 1:50 Biolegend
Anti-cytokeratin mAb AE1/AE3 IgG1 1:50 Dako
Anti-vimentin mAb V9 IgG1 1:50 Bio-rad
Anti-PRRSV nucleocapsid protein mAb 13E2 IgG2a 1:50 [32]
Anti-PCV2 Cap mAb 12E12 IgG2a 1:50 [30]
Anti-PRV gB mAb 1C11 IgG2b 1:100 [31]
Anti-PRV gD mAb 13D12 IgG1 1:50 [31]
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isolate  CD163+Sn− cells located in the upper lamina 
propria, digestion was carried out at low temperature 
(whole head on ice) for 72 h. To dissociate the cells from 
the nasal tissues more effectively, the enzyme mix in the 
nasal cavity was circulated by using an up-and-down 
action of the piston 50 times every 3  h. After 24  h and 
48  h, the enzyme mix with dissociated cells was col-
lected and a fresh enzyme mix was injected to isolate 
 CD163+Sn− cells located deeper in the lamina propria. 
The enzyme mix with dissociated cells was collected at 
the 72  h endpoint. Primary cells were passed through 
a 40  µm cell strainer (VWR international, Radnor, PA, 
USA) to obtain a uniform single cell suspension. Isolated 
cells were washed with DPBS supplemented with 1 mM 
EDTA by centrifugation at 400 ×  g for 10  min at 4  °C. 
Red blood cells were lysed with erythrocyte lysis buffer 
(10 mM  NaHCO3, 155 mM  NH4Cl, and 10 mM EDTA) 
(Figure 4). The total number of cells and the viability was 
determined by trypan blue staining. Then, the cells were 
directly used for cell characterization and PRRSV-1 infec-
tion experiments. After the digestion, the heads were 
sawed sagittally. The nasal septum, dorsal turbinates, and 
ventral turbinates were collected from the nose for a dou-
ble IF staining using goat pAb against human CD163 and 
mouse mAb against human cytokeratin (clone AE1/AE3, 
Dako, Carpinteria, CA, USA) to confirm whether the epi-
thelium was removed by the enzyme digestion.
Characterization of the isolated nasal cells at different 
digestion times
Dissociated cells from the nasal tissues after 24 h, 48 h, 
and 72 h digestion were collected. Cells were washed in 
cold DPBS containing 2% fetal calf serum (FCS) (Sigma-
Aldrich), then harvested on slides by cytospinning at 
600 × g at RT for 8 min (CytoSpin 3, Thermo Shandon, 
Cheshire, UK). Subsequently, the cells on slides were 
fixed with 100% methanol for 10  min at −20  °C. To 
identify the cell types of the primary nasal cell popula-
tion isolated at each time point, a double IF staining was 
carried out. Cells were incubated with goat pAb against 
human CD163 together with mouse mAb against por-
cine Sn (41D3) or mouse mAb against human cytokera-
tin (AE1/AE3) or mouse mAb against porcine vimentin 
(clone V9, Bio-rad) or isotype-matched irrelevant mouse 
mAb against PRV gD (13D12) for 1 h at 37 °C (Table 1). 
Subsequently, cells were washed and incubated for 1 h at 
37 °C with rabbit anti-goat IgG Alexa Fluor 594 and goat 
anti-mouse IgG1 FITC; non-specific binding sites were 
blocked with negative rabbit and goat sera. After wash-
ing, nuclei were counterstained with Hoechst 33342. The 
number of total cells, double-positive cells, and single-
positive cells were counted and calculated as percentage 
by confocal microscopy.
Flow cytometric analysis of the nasal cells collected 
after 72 h digestion
One million isolated primary nasal cells were collected 
on a 96-well plate for each experimental condition. Cells 
were washed twice in RPMI 1640 (Gibco) containing 
1  mM EDTA and 1% FCS. To identify the cell viability, 
LIVE/DEAD™ Fixable Far Red Dead Cell Stain Kit (Invit-
rogen) was used according to the manufacturer’s instruc-
tions. For the cytoplasm staining, nasal cells were fixed 
in 4% paraformaldehyde for 15  min on ice and washed 
with PBS. Afterwards, the cells were permeabilized in 
0.1% Triton-X for 10 min on ice. After washing, the cells 
on each well were subsequently incubated with primary 
antibodies [mouse mAb against porcine CD163 (2A10), 
mouse mAb against porcine Sn (41D3), mouse mAb 
against human cytokeratin (AE1/AE3), mouse mAb 
against porcine vimentin (V9), or isotype-matched irrel-
evant mouse mAb against PRV gD (13D12)]. Incubation 
was performed in the presence of 1  mM EDTA and 1% 
FCS for 30  min on ice. After washing, cells were incu-
bated with FITC-labeled goat anti-mouse IgG1 second-
ary antibody in the presence of 1 mM EDTA and 1% FCS 
for 30 min on ice in the dark. Flow cytometry was per-
formed with a CytoFLEX (Beckman Coulter, Pasadena, 
CA, USA). 10  000 events were recorded, 1000 events 
were displayed and doublets were excluded with a gating 
strategy based on forward light scatter and sideward light 
scatter. Acquired data were analyzed by CytExpert 2.3 
software (Beckman Coulter).
Virus inoculation of the isolated nasal cells
Isolated primary nasal cells were cultured in complete 
RPMI 1640 supplemented with 10% FCS, 1 mM sodium 
pyruvate, 1% non-essential amino acids, 0.05  mg/mL 
gentamycin, 0.1  mg/mL streptomycin, and 100  U/mL 
penicillin. Two PRRSV strains were used in this study: 
LV [prototype PRRSV-1, subtype 1, 13 passages in por-
cine alveolar macrophages (PAM)] and Lena (prototype 
PRRSV-1, subtype 3, 4 passages in PAM). Primary nasal 
cells were seeded at 2 × 105  cells/mL in a 24 well plate 
(1 mL/well) and after 2 h of incubation, they were inoc-
ulated with LV and Lena at a multiplicity of infection 
(MOI) of 0.25. After 12  h post-inoculation (hpi), cells 
were harvested on slides by cytospinning at 600 × g at 
RT for 8 min. Then, the cells on slides were fixed with 
100% methanol for 10  min at −20  °C. To visualize 
PRRSV infection, a double IF staining was performed. 
Cells were stained for 1  h at 37  °C with mouse mAb 
against PRRSV nucleocapsid protein (13E2) [32] in com-
bination with one of the following mAbs: mouse mAb 
against porcine CD163 (2A10), mouse mAb against por-
cine Sn (41D3), mouse mAb against human cytokeratin 
(AE1/AE3) or mouse mAb against porcine vimentin 
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(V9) (Table  1). Subsequently, cells were washed and 
incubated for 1 h at 37  °C with goat anti-mouse IgG2a 
Alexa Fluor 594 (1:500, Invitrogen) and goat anti-mouse 
IgG1 FITC. After two further washings, nuclei were 
counterstained with Hoechst 33342. Total number of 
cells, single positive cells, and double-positive cells 
were counted by confocal microscopy and calculated as 
percentage.
Statistical analysis
All data were expressed as mean ± standard deviation 
(SD) from three independent experiments. Statistical 
analysis was performed with GraphPad Prism statistical 
software package version 8.0 (GraphPad, San Diego, CA, 
USA). Differences between sample groups were analyzed 
using multiple-way analysis of variance (ANOVA) fol-
lowed by Tukey’s post hoc test. p value of < 0.05 was con-
sidered significant.
Results
Distribution and quantification of CD163 positive cells 
in the lamina propria of the porcine nasal mucosa
A single IF staining was performed to identify the distri-
bution and quantification of CD163 positive cells in the 
lamina propria of the porcine nasal mucosa.  CD163+ 
cells were spread throughout the whole nasal mucosa 
(Figure  1B). Most of the  CD163+ cells were located in 
the lamina propria. In addition, many  CD163+ cells were 
identified in between epithelial cells and between the 
epithelial cells and connective tissue of the lamina pro-
pria especially from the nasal septum and the ventral 
turbinate sections (Figure  1B, panels I and V). In order 
to quantify  CD163+ cells in the lamina propria, regions 
of interest (ROIs) were set in the lamina propria with a 
depth of 175 µm (Figure 2A). The nasal tissues with most 
 CD163+ cells were nasal septum (anterior: 20.6 ± 1.7%, 
posterior: 20.5 ± 4.8%) and ventral turbinates (medial 
side: 20.0 ± 3.9%, lateral side: 17.6 ± 4.0%) whereas the 
percentage of  CD163+ cells in the middle turbinate was 
much lower (9.5 ± 4.0%). The percentages of  CD163+ 
macrophages in both anterior and posterior sides of the 
septum were significantly higher compared to the middle 
turbinate (p < 0.01) (Figure  2B). In addition, the medial 
side of the ventral turbinate showed significantly higher 
percentage of  CD163+ cells (p < 0.01) than the middle 
turbinate. Although not statistically significant, the per-
centage of  CD163+ macrophages in the lateral side of the 
ventral turbinate was higher than the middle turbinate 
(p = 0.074) (Figure 2B).
Figure 2 Quantification of CD163 positive cells in the lamina propria of the porcine nasal mucosa. A The highlighted area shows where the 
total number of cells and  CD163+ cells were counted. Pictures, 175 µm in-depth, were taken under the nasal epithelium using a ×10 ocular lens 
and ×63 objective. The upper white line indicates the border between the respiratory epithelium and the lamina propria. B Percentage of  CD163+ 
cells from different parts of the nasal tissues: (I) anterior nasal septum, (II) posterior nasal septum, (III) medial side of the dorsal nasal turbinate, (IV) 
lateral side of the dorsal nasal turbinate, (V) medial side of the ventral nasal turbinate, (VI) lateral side of the ventral nasal turbinate, and (VII) middle 
nasal turbinate. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple comparison post hoc test. Different letters 
represent significant differences (p < 0.05). All data are expressed as mean value of three experiments ± SD. Scale bar: 100 µm.
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Sialoadhesin (Sn) expression in  CD163− and  CD163+ cells 
in the porcine nasal mucosa and submucosa
Sn expression in  CD163− and  CD163+ cells was iden-
tified by a double IF staining against Sn and CD163 
(Figure  3). In both sides of the ventral turbinates, 
 CD163+Sn− cells were mainly located in the area of 
approximately 160  µm underneath the epithelium in 
the upper lamina propria while  CD163+Sn+ cells were 
predominant in the connective tissue underneath 
160 µm, close to the cartilage. We propose to call these 
 CD163+Sn− macrophages “nasal surface macrophages” 
based on their Sn negative-characteristics and their 
location in the nasal mucosa. Interestingly, many 
 CD163−Sn+ cells were observed in the submucosa close 
to the cartilage.
Additional triple IF staining against CD163, Sn and 
several macrophage markers showed that 25.2%, 19.3% 
and 3.4% of the  CD163+Sn− macrophages were CD1c, 
MHCII and CD14 positive, respectively (Additional 
file 1).
Isolation of  CD163+Sn− macrophages from the upper nasal 
lamina propria by the whole nose digestion system
To isolate  CD163+Sn− macrophages located in the upper 
nasal lamina propria (nasal surface macrophages), we 
developed a whole nose digestion system (Figure  4). 
Dissociated cells were collected and further charac-
terized. During 3  days, each time after a 24  h digestion 
period, cells were collected and the nose was replen-
ished with a fresh enzyme mix, allowing to detach cells 
deeper in the upper lamina propria. A high number of 
Figure 3 Sialoadhesin expression in CD163+ cells in the ventral nasal turbinate. Sections of the ventral nasal turbinate were subjected to a 
double immunofluorescent staining analysis for CD163 and sialoadhesin. A Whole ventral nasal turbinate including cartilage, B medial side of the 
ventral nasal turbinate, and C lateral side of the ventral nasal turbinate. EP epithelium, LP lamina propria. Scale bar: 100 µm.
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cells  (107–108 cells) were collected each day (Additional 
file 2A). The mean viability was higher than 86% as deter-
mined by both trypan blue staining and flow cytometric 
analysis (Figure  6C and Additional file  2B). By double 
IF staining against CD163 and cytokeratin on nasal tis-
sues after digestion, it was confirmed that most of the 
 cytokeratin+ epithelial cells were removed after 72  h 
digestion (Figure 5).
Figure 4 Schematic representation of the whole nose digestion system. The top of the figure shows the frontal and sagittal planes of the 
pig nasal cavity where the tubes (turquoise blue) were inserted. The digestion was performed for 72 h in total. Enzyme mix with dissociated cells 
was collected and refreshed by a new enzyme mix every 24 h to isolate cells from the lamina propria. Small holes (represented by blue spots) were 
made at the end of the silicone tubes for flushing the enzyme mix efficiently. The whole nose digestion was performed on ice for a mild enzyme 
reaction. Cells collected at 24, 48, and 72 h were directly used for cell characterization and susceptibility to PRRSV-1 infection.
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Characterization of the isolated nasal cells
Cells, collected after every 24  h digestion, were cyto-
spinned and stained against CD163 in combination with 
Sn or cytokeratin or vimentin.  CD163+ macrophages 
with various diameters were observed (from 12 to 25 µm 
diameter) (Figure  6A; yellow, cyan, and white arrows). 
After 72  h digestion, the majority of cells were iden-
tified as  vimentin+ mesenchymal cells (35.1 ± 2.5%), 
 cytokeratin+ epithelial cells (31.2 ± 5.0%) and  CD163+ 
macrophages (6.1 ± 2.3%). Only 1.8 ± 0.8% of the cells 
were  CD163+vimentin+ (Figure  6B).  Vimentin+ mes-
enchymal cells significantly increased over digestion 
times (p < 0.05) (Figure  6B). No statistically significant 
increase or decrease was observed in  CD163+,  Sn+, 
and  cytokeratin+ cells, collected every 24  h digestion. 
Although not significant, the percentage of isolated 
 cytokeratin+ epithelial cells decreased while isolated 
 CD163+ macrophages increased over digestion time 
(Figure  6B). No  Sn+ cells were identified by IF stain-
ing (Figures  6A, B). In comparison with the IF staining 
result, flow cytometric analysis of the primary nasal cells 
collected after 72 h digestion showed a similar percent-
age of  vimentin+ cells (37.4%). However, the percentage 
of  CD163+ cells and  cytokeratin+ were somewhat lower 
(3.2% and 26.5%, respectively) than quantified on the con-
focal microscopy (Figure 6C). The percentage of  Sn+ cells 
(0.3%) was not significantly different from the percentage 
detected in the isotype control (0.1%) (Figure 6C).
PRRSV‑1, subtype 3 Lena replicates better in the nasal 
surface macrophages than subtype 1 LV
Double IF staining against PRRSV nucleocapsid protein 
and against CD163 or Sn or cytokeratin or vimentin was 
performed for the identification of PRRSV-susceptible 
cells isolated from the upper nasal lamina propria (Fig-
ure 7A and Additional file 4) and the infected cells were 
quantified (Figure  7B and Additional file  3). In the cells 
collected after 48 h digestion, we observed a slightly but 
not statistically significant higher infection in the Lena-
inoculated cells (4.2 ± 2.0%) than with LV-inoculated 
cells (1.5 ± 0.7%) (p = 0.073) and more than 90.4% of the 
infected cells were  CD163+ (Figure  7B left and Addi-
tional file  3A). After 72  h digestion, the percentage of 
PRRSV-1 infected cells significantly increased in Lena-
inoculated cells (7.4 ± 2.1%) compared to LV-inocu-
lated cells (1.5 ± 0.3%) (p < 0.001) and more than 95% of 
infected cells were  CD163+ (Figure  7B right and Addi-
tional file  3B). In addition, both infected  CD163+ and 
 CD163− cells were identified as negative for cytokeratin 
and vimentin as well as for Sn (Additional file 4). Taken 
together, these data demonstrate that the isolated nasal 
surface macrophages are susceptible to both PRRSV-1 
LV and Lena strains, but Lena shows a much higher 
infection than LV. The majority of infected nasal sur-
face macrophages were characterized as  CD163+/Sn−/
cytokeratin−/vimentin−.
CD163 expression was increased upon inoculation 
with PRRSV‑1 Lena
During the PRRSV-1 inoculation experiments, we also 
quantified both infected and non-infected  CD163+ cells. 
Interestingly, the percentage of CD163 expressing cells 
significantly increased in Lena-inoculated cells compared 
to both LV-inoculated cells (72 h digestion: p < 0.05) and 
mock-inoculated group (48 h digestion: p < 0.05 and 72 h 
digestion: p < 0.01) (Figure  8). No statistically significant 
increase was observed between the mock-inoculated 
group and the LV-inoculated group. This suggests that 
CD163 expression was strongly induced by the Lena-
inoculation but not by the LV-inoculation.
Figure 5 Double immunofluorescence staining of undigested 
and digested nasal septum, dorsal turbinate and ventral 
turbinate before and after digestion. CD163 (red), cytokeratin 
(green), and Hoechst (blue). EP: epithelium, LM: lamina propria, SM: 
submucosa. Scale bar: 100 µm.
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Discussion
Transmission of PRRSV can occur in various ways 
including physical contact, contaminated fomites and/
or airborne inhalation [6]. The nasal mucosa is not only 
a port for virus entry of the host but also the site where 
the virus is produced and shed. The airborne route of 
transmission is favorable for highly pathogenic PRRSV 
strains because of their strong ability to replicate in 
Figure 6 Characterization of the isolated primary nasal cells at different digestion times. A Double immunofluorescence staining of CD163 
(red) in combination with Sn or vimentin or cytokeratin (green) in cells isolated after 24 h, 48 h, and 72 h digestion.  CD163+ macrophages of various 
sizes are indicated with different arrows; yellow arrows (~25 µm), cyan arrows (~16 µm), and white arrows (~10 µm). Scale bar: 25 µm. B Percentage 
of positive cells from each time point are presented. Statistical significance was determined by two-way ANOVA followed by Tukey’s post hoc test 
(*p < 0.05, **p < 0.01). All data are expressed as mean value of three experiments ± SD. C Flow cytometric analysis of the primary nasal cells collected 
after 72 h digestion.
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the nasal mucosa. Previously, Sn and CD163 were con-
sidered as major entry mediators for PRRSV infection 
in PAM [23]. However, recent studies showed that Sn 
knockout pigs are still susceptible to PRRSV-2 and 
newly emerging PRRSV strains have a wider cell tro-
pism and that they are capable of infecting  CD163+Sn− 
cells in the nasal mucosa [11, 25, 26]. This suggests that 
some PRRSV strains use an alternative receptor instead 
of Sn. The effort to find a new putative mediator led to 
other members of the Siglec family. Xie et  al. demon-
strated that siglec-10 mediates PRRS viral entry and 
that the non-permissive cell line PK-15 was even more 
susceptible to certain PRRSV-1 and PRRSV-2 strains 
upon co-expression of CD163 and siglec-10 compared 
to co-expression of CD163 and Sn [13, 14]. However, 
siglec-10 is only expressed in cells of porcine lymphoid 
tissues and not in nasal macrophages. In order to iso-
late the nasal  CD163+Sn− macrophages for further 
in vitro research, a new isolation technology was estab-
lished in the present study.
We first examined the distribution and quantity of the 
 CD163+ macrophages in the nasal tissues. Anatomi-
cally, the long-narrow porcine nose comprises of a sep-
tum and three turbinates; dorsal, middle, and ventral 
which serve different functions. They guide the inhaled 
air through the nose allowing it to be filtered, humidified 
Figure 7 PRRSV‑1 Lena subtype 3 replicates better than LV subtype 1 in nasal surface macrophages. Primary nasal cells isolated after 48 h 
and 72 h digestion were inoculated with LV and Lena. A Cells were co-immunostained for PRRSV N-protein (red) and CD163 (green) at 12 hpi. 
Scale bar: 25 µm. Small boxes in the IF pictures represent zoomed pictures of the infected  CD163+ cells indicated by arrows. B Identification and 
quantification of PRRSV-1 LV and Lena-infected cells. Statistical significance was determined by two-way ANOVA followed by Tukey’s post hoc 
test (***p < 0.001). All data are expressed as mean value of three experiments ± SD. All inoculated cells are from the same group used for cell 
characterization (Figure 5).
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and warmed up (Figure 1A). The spiral structure of turbi-
nates gives the nasal mucosa a larger surface, increasing 
the chance to capture pathogens by the mucus covering 
the epithelium. Monocytic cells in the mucosal epithelia 
interact with each other for capturing, destroying and 
processing antigens to T-cells [33]. Our study showed 
that the  CD163+ cells were most concentrated in the lam-
ina propria of the nasal tissues. Comparing the different 
parts of the nose, the nasal septum and ventral turbinates 
contained statistically more  CD163+ cells compared to 
the middle and dorsal turbinates. Furthermore, a large 
number of  CD163+ cells were exclusively observed in the 
epithelial cell layer of these two tissues. The larger num-
ber of  CD163+ cells may be related to the fact that these 
regions are the first contact regions for the incoming air 
and are continuously flowed with air. The middle and 
dorsal turbinates are mainly flowed with air during vigor-
ous breathing. Moreover, a double immunofluorescence 
staining against CD163 and Sn on the same frozen tissues 
revealed that  CD163+Sn− cells are located in the area of 
160  µm depth of the lamina propria while  CD163+Sn+ 
cells were more abundantly distributed in deeper con-
nective tissues (submucosa). In addition,  CD163−Sn+ 
cells were identified in the submucosa close to the car-
tilage. The different localization of macrophages in 
non-porcine intestines, epidermis, and hair follicles has 
been reported before [34–36]. Asano et al. [34] demon-
strated that murine intestinal  Sn− phagocytes are located 
near the intestinal epithelium while  Sn+ macrophages 
are more localized in deeper tissues. Localization of our 
nasal  CD163+ cells by Sn expression status was in agree-
ment with this study. These  Sn− macrophages are well 
positioned to combat pathogens as soon as they enter 
the respiratory and intestinal mucosae. Future work 
will be done on the anti-pathogen defense mechanisms 
in these cells. Why the upper respiratory tract surface 
macrophages are Sn-negative and alveolar and inter-
stitial lung macrophages are Sn-positive is not clear at 
the moment. During evolution, Sn has been specifically 
expressed in the lung macrophages. Porcine macrophage 
markers are poorly investigated compared with human 
and mice. Additional triple IF staining against several 
macrophage makers together with CD163 and Sn on the 
ventral turbinate section showed that  CD163+Sn− cells 
located in the lamina propria are phenotypically diverse 
(Additional file  1) [37]. For a better characterization, 
CD80 and macrophage mannose receptor could be used 
as M1/M2 macrophage markers. Nasal macrophages 
have been rarely studied in human or mice as well as pigs. 
Since most of the studies on porcine macrophages are 
focused on PAM or monocyte-derived macrophages, an 
approach with various immune cell markers is necessary 
for studying macrophages isolated from other tissues 
[38–40].
Next, based on the identified location of the nasal 
 CD163+Sn− cells (designated as nasal surface mac-
rophages), we developed a system for the isolation of 
this new cell population (Figure 4). In the present study, 
a combination of collagenase IV and pronase was used 
for the superficial digestion of the upper nasal tissue. The 
nasal mucosa consists of the epithelium which is sup-
ported by the basement membrane and the lamina pro-
pria. Collagen is the major component of the basement 
membrane and the lamina propria [41]. Pronase sepa-
rates epithelial cells from the lamina propria during treat-
ment of 4 °C [42, 43] and collagenase type IV is designed 
to be especially low in tryptic activity to limit damage to 
membrane proteins and receptors but with normal to 
above normal collagenase activity [44]. In our system, 
the nasal epithelium and the basement membrane were 
effectively dissociated by these two enzymes mixture, 
without damaging the nasal cells. In addition, applying 
the enzyme into the whole nasal mucosa without sepa-
rating them from the cartilage and bone allowed cells to 
be dissociated sequentially from the epithelium to the 
lamina propria. Furthermore, excessive digestion into the 
submucosa was mitigated by increasing the reaction time 
Figure 8 Increased CD163 expression upon PRRSV‑1 Lena 
inoculation. Quantification of total  CD163+ cells from the mock, LV 
and Lena-inoculated groups. NC: mock-inoculated group. Statistical 
significance was determined by two-way ANOVA followed by Tukey’s 
post hoc test (*p < 0.05, **p < 0.01). All data are expressed as mean 
value of three experiments ± SD. Cells used in this experiment are 
from the same group used for cell characterization (Figure 5).
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at low temperature and refreshment with a new enzyme 
mix every 24 h increased the digestion efficiency.
The isolated nasal cell population was then character-
ized by the detection of cell type markers of epithelial 
and mesenchymal cells and macrophages. The lamina 
propria is a thin layer of connective tissue composed 
of various mesenchymal cell types. Our results have 
shown that 72 h of digestion was sufficient for isolating 
our cells of interest located in the upper lamina propria. 
The proportion of isolated  vimentin+ mesenchymal cells 
significantly increased over time. At 72  h of digestion, 
the number of  vimentin+ cells was even higher than the 
number of  cytokeratin+ cells. After 72 h of digestion, the 
 cytokeratin+ epithelial layer was completely removed, 
demonstrating the efficiency of the performed digestion. 
Although  Sn+ cells could not be identified by confocal 
microscopy, 0.3%  Sn+ macrophages were identified by 
flow cytometry. However, this percentage did not dif-
fer significantly from the percentage of positive cells in 
the isotype controls (0.1%). Sn negative cells are mainly 
located in the upper region of the lamina propria and the 
enzyme mixture could easily reach the region underneath 
the basement membrane, where most  CD163+Sn− cells 
are localized. Therefore, as expected most if not all iso-
lated macrophages were  Sn−. Taken together, all  CD163+ 
cells of the isolated primary cells were considered to be 
 Sn−, indicating that this digestion method is very success-
ful to preferentially isolate nasal surface macrophages.
A previous study using nasal explants demonstrated for 
PRRSV-1 subtype 3 Lena that most of the infected cells 
are  CD163+Sn− and located within or in the proximity 
of the epithelium in the nasal mucosa [11]. To investigate 
the cell tropism of our primary nasal cells collected by 
the whole nose digestion system, isolated cells were inoc-
ulated with PRRSV-1 subtype 1 LV and subtype 3 Lena. 
Here, we showed that isolated nasal surface macrophages 
are susceptible to both PRRSV-1 LV and Lena, but that 
Lena has a much stronger tropism for this cell type. At 
12 hpi, Lena was found to infect 2.8 times more cells than 
LV in the nasal cells collected after 48 h digestion. With 
the cells collected after 72 h digestion, Lena infected 4.9 
times more cells than LV (p < 0.01). Ninety percent of the 
infected cell type was  CD163+ in the 48 h cells and this 
percentage increased to 95% in the 72 h group. Infected 
cells were further characterized as  Sn−,  cytokeratin−, and 
 vimentin−. No  PRRSV+Sn+ cells were observed by con-
focal microscopy, which is logical since  Sn+ macrophages 
were absent. Our results indicate that the attachment 
and entry of PRRSV-1, especially subtype 3 Lena is 
mediated by a receptor different from Sn. In our study, 
PRRSV infection was also detected in  CD163− cells iso-
lated from the upper lamina propria. This is in contrast 
with the previous studies demonstrating that CD163 is an 
indispensable PRRSV infection mediator. In vivo, CD163 
gene-edited pigs or CD163 knock out pigs were pro-
tected from PRRSV infection [16, 20, 21]. However, there 
are some previous studies that are consistent with our 
results. Frydas et al. [11] also observed Lena strain infec-
tion in  CD163−Sn− cells in the nasal mucosa explants 
and Doeschl-Wilson et al. [45] found that the population 
of infected  CD163− PAM increased over incubation time. 
Also, Li et  al. [46] recently demonstrated PRRSV infec-
tion in  CD163−,  CD163lo and  CD163hi cells. This means 
that in  vitro, CD163 positive cells may still be infected 
with certain PRRSV strains.
The percentage of  CD163+ cells (both infected and 
non-infected) was largely higher in the Lena-inoculated 
group than both LV-inoculated group (p < 0.05) and 
mock-inoculated group (p < 0.01). This is in agreement 
with a previous study that has shown that CD163 expres-
sion in lung cells was up-regulated after PRRSV-2 infec-
tion [47]. IL-10 is known as a strong inducer of CD163 
expression both in  vitro and in  vivo [48, 49]. Since it is 
known that certain PRRSV strains induce IL-10 pro-
duction in PBMCs, mature DC, bronchoalveolar mac-
rophages and PAM [50–54], it is highly possible that this 
cytokine caused CD163 upregulation in the nasal cells.
In summary, the present study is the first to provide 
a cell isolation system from the whole pig nose without 
mechanical tissue separation. Our enzyme digestion sys-
tem successfully isolated  CD163+Sn− cells. Our results 
demonstrated distinguishing features of nasal surface 
macrophages. They are (i) Sn negative, (ii) localized in the 
upper lamina propria, and (iii) show higher susceptibility 
to Lena compared to LV. The alternative PRRSV binding 
and internalization receptor for these nasal surface mac-
rophages remains unknown. Our new cell isolation sys-
tem forms the basis for future research on the molecular 
pathogenesis of PRRSV in the nose and for further func-
tional and phenotypical analysis of this new population 
(nasal surface macrophages).
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Additional file 1. Characterization of the CD163+Sn‑ cells by a triple 
IF staining against macrophages markers (red, CD1c: green), Sn 
(green or red) and CD163 (magenta). EP: epithelium, LP: lamina propria 
and SM: submucosa. Scale bar: 100 µm.
Additional file 2. (A) Total number of collected primary nasal cells at each 
digestion time point and (B) their viability determined by the trypan blue 
staining. SD: standard deviation.
Additional file 3. (A) Percentage of PRRSV-1 LV infected cells and (B) 
PRRSV-1 Lena infected cells counted after double immunofluorescence 
staining. Values represent percentage of CD163 positive and CD163 
negative cells in the whole population of infected cells  (CD163−+ 
 CD163+ = 100%).
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Additional file 4. PRRSV‑1 infected cells are negative for Sn, 
cytokeratin and vimentin. Primary nasal cells isolated after 48 h and 
72 h digestion were inoculated with PRRSV-1 LV or Lena. Cells were co-
immunostained for PRRSV N-protein (red) and markers for Sn, cytokeratin 
and vimentin (green) at 12 hpi. Scale bar: 25 µm.
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